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Sleep engineering could be developed to provide a drug-free,
non-invasive avenue to treat depression and post-traumatic
stress disorder. Such an intervention would be greatly aided
by the sophisticated detection of memory reactivations using
machine learning classifiers.

Sleep engineering, in which memories and brain oscillations are intentionally manip-
ulated during sleep in order to influence health and cognition, provides a promising
new therapeutic toolkit. In a form of sleep engineering called targeted memory reac-
tivation (TMR), sounds are paired with learned information during wake, then softly
replayed during subsequent sleep to cue the brain to reactivate neural representa-
tions of the learned information. This method has already provided three potential
avenues for psychiatric treatment by strengthening memories, altering their emotion-
ality, and helping them to integrate into existing cognitive schemas [1]. We propose
that using electroencephalogram (EEG) classifiers to study emotional memory reac-
tivation, and the ways in which this is altered by TMR in patients, could enable better
understanding and control of such interventions for conditions such as depression
and post-traumatic stress disorder (PTSD). Careful thinking around dosage, adverse
effects, and safeguarding will be essential.

The most direct application of sleep engineering to psychiatric conditions to date
involves strengthening the memory of a therapy using TMR during non-rapid eye
movement (NREM) sleep (Fig 1). This first method already improved clinical out-
comes via eye-movement desensitization and reprocessing therapy in individuals
with PTSD [2], and via imagery rehearsal therapy in individuals with nightmares [3].
In a closely related second avenue for treatment, NREM TMR was used to update
negative memories by increasing their positive associations [4,5], rendering the
memories less negative, even when delivered entirely in sleep [1,5]. In a quite differ-
ent third avenue for treatment, TMR in rapid eye movement (REM) sleep was used
to directly attenuate the negativity associated with an upsetting memory [6] (Fig 1).
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Reactivation in REM sleep gradually decoupled negative content from core trauma
memories as if they were being retrieved during a ‘safe’ therapy session. This decou-
pling is thought to occur because norepinephrine, a neurotransmitter that modulates
bodily arousal responses, is almost absent during REM sleep, so arousal cannot

be expressed physiologically. Although only the first of these three methods has
been tested in patients, and TMR results are often inconsistent across studies, we
nevertheless feel that all three methods provide promising potential avenues for the
development of novel treatments for PTSD and depression.

Individuals with depression often show pathological negative rumination, which we
speculate could be associated with excessive replay of negative memories during
sleep (Fig 1). Consistent with this, such individuals typically feel worse in the morn-
ing, presumably having strengthened their negative memories and renewed their
overall negative schema and outlook during the night. We propose that repeated
NREM TMR of positive memories could be used to disrupt this maladaptive cycle
and prevent the over-consolidation of negative memories. Because the resources
recruited by TMR are limited [7] and would be tied up reactivating positive memories,
this would provide a two-pronged approach for treating depression by strengthening
the positive while simultaneously preventing over-strengthening of the negative.

Classifiers, which use machine learning to detect subtle signals in noisy EEG
data, provide an invaluable tool for detection, quantification, and characterization of
TMR-elicited memory reactivation during sleep. Such classifiers can detect spon-
taneous reactivation [8] in un-disturbed sleep and will allow us to determine how
reactivation of negatively versus positively toned memories differs in individuals with
PTSD or depression compared with healthy individuals. These helpful tools will let us
search for relationships between the efficacy of TMR and target clinical outcomes;
for instance, testing our hypothesis that boosting positive memory reactivation during
NREM sleep can decrease negative memory reactivation and improve subsequent
mood (Fig 1).

Until recently, the EEG classifiers used to detect reactivation in sleep ignored the
emotional content of the memories. However, we have now developed a novel clas-
sifier pipeline that can be pre-trained to detect whether reactivations occurring after
TMR cues are negative or neutral [9]. This will allow us to determine how processing
of memories in sleep differs between healthy participants and patients. Understand-
ing the characteristics of emotional reactivation, such as when it occurs most strongly
or which neural signatures predict better therapeutic responses, could inform how
we tailor TMR for different patients, potentially adjusting factors like cue timing, fre-
quency, or intensity to optimize emotional processing during sleep.

While NREM TMR normally strengthens memories, it can also weaken them when
specifically targeted at the down-state of slow oscillations [10,11]. Down-state TMR
could therefore potentially provide an additional mechanism for gradually eroding
core information in unwanted negative memories. This weakening may be due to
down-state TMR causing reactivation at a phase of the oscillation that is not benefi-
cial for consolidation. After reactivating, engrams might enter a refractory period and
therefore would not reactivate during the subsequent optimal up-phase, so that the
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Fig 1. Hypothetical method for normalizing aberrant emotional memory processing in sleep. A. Non-rapid eye movement (NREM) sleep reacti-
vation strengthens cortico—hippocampal interplay. B. We speculate that individuals with depression have more negative reactivation during NREM sleep,
which strengthens negative memories. C. Targeted memory reactivation (TMR) of positive memories in NREM sleep primes these memories such that
they outcompete negative memories, giving a higher ratio of positive to negative reactivation. This positively correlates with better subsequent mood. D.
Rapid eye movement (REM) sleep reactivation weakens the salience network—amygdala interplay. E. We speculate that individuals with post-traumatic
stress disorder (PTSD) have less healthy negative reactivations in REM sleep. F. Negative TMR in REM sleep increases healthy negative REM reactiva-
tion, reducing the negativity of targeted memories. Note that this figure presents a series of hypotheses and all data are hypothetical.

https://doi.org/10.137 1/journal.pbio.3003633.9001

overall impact would be negative. Down-state stimulation also disrupts slow oscillations and sleep spindles, both of which
are important for memory consolidation. Detecting down-state reactivations with EEG classifiers and testing for correla-
tions with mood outcomes should help us to understand their true impact.

The potential for combining different forms of sleep engineering within an individual to treat different aspects of a
psychiatric illness remains largely unexplored. An example would be delivery of both positive NREM TMR and negative
REM TMR on the same or adjacent nights. This could provide a triple benefit by both strengthening positive memories
and preventing over-consolidation of negative memories in NREM, while also directly reducing the negativity of nega-
tive memories in REM (Fig 1). However, there is a danger that stimulation in these two sleep stages could interfere with
each other. Because the influence of TMR is thought to bleed between sleep stages [1], carefully planned studies will be
needed to determine whether it is beneficial to deliver both NREM and REM TMR in the same night or even in the same
week/month. It may also be possible to tailor interventions by targeting some memories more than others, depending on
how strong they are already, and how much additional “help” they need.
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Most sleep engineering research has been limited to a single night because the interventions are typically applied in
the lab and require experimenters to be awake and actively delivering them. The recent advent of wearable devices that
can perform TMR in the home is rapidly changing this picture [12]. In our opinion, multi-night stimulation may greatly boost
the effectiveness of such interventions, but it will be important to think about dosage. Even a single night of TMR can lead
to changes in brain structure and function that continue to unfold for at least 10 days [13], so the potential power of these
techniques to sculpt the brain when applied across multiple nights should not be underestimated. While such interventions
have the potential to impact positively on mental health, we should also acknowledge that improper and uninformed use
over long periods of time could also impact on semantic and emotional processing in maladaptive ways. For instance,
TMR might accidentally strengthen negative memories rather than weakening them, and could also trigger nightmares
and negative episodes in those with PTSD. Furthermore, selectively boosting the consolidation of some memories and
not others across multiple nights could lead to unnatural and skewed schemas. The warped predictions made by these
incorrect internal models could potentially lead to confusion, and might even tip people who are at risk of schizophrenia
over into clinical manifestations [14]. We therefore urge caution with respect to dosage and long-term application of TMR,
as well as a broader understanding of these possible adverse effects.

Sleep engineering provides a powerful tool for the manipulation of both emotion and memory. We suggest that the use
of EEG classifiers to quantify memory reactivation and examine its impact upon these aspects of cognition should ulti-
mately give us the control and understanding we need to safely roll out these exciting new methods to human patients.

Author contributions

Conceptualization: Penelope A. Lewis, Mahmoud E. A. Abdellahi.
Visualization: Penelope A. Lewis, Mahmoud E. A. Abdellahi.

Writing — original draft: Penelope A. Lewis, Mahmoud E. A. Abdellahi.
Writing — review & editing: Penelope A. Lewis, Mahmoud E. A. Abdellahi.

References

1. Xia T, Hu X. Memory editing during sleep: mechanisms, clinical applications, and technological innovations. Trends Cogn Sci. 2025;:S1364-
6613(25)00209-8. https://doi.org/10.1016/j.tics.2025.07.010 PMID: 40897598

2. van der Heijden AC, van der Werf YD, van den Heuvel OA, Talamini LM, van Marle HJF. Targeted memory reactivation to augment treatment in
post-traumatic stress disorder. Curr Biol. 2024;34(16):3735-3746.€5. https://doi.org/10.1016/j.cub.2024.07.019 PMID: 39116885

3. Schwartz S, Clerget A, Perogamvros L. Enhancing imagery rehearsal therapy for nightmares with targeted memory reactivation. Curr Biol.
2022;32(22):4808-4816.e4. https://doi.org/10.1016/j.cub.2022.09.032 PMID: 36306786

4. XiaT, ChenD, Zeng S, Yao Z, Liu J, Qin S, et al. Aversive memories can be weakened during human sleep via the reactivation of positive interfer-
ing memories. Proc Natl Acad Sci USA. 2024;121(31). https://doi.org/10.1073/pnas.2400678121

5. XiaT, Yao Z, Guo X, Liu J, Chen D, Liu Q, et al. Updating memories of unwanted emotions during human sleep. Curr Biol. 2023;33(2):309-320.€e5.
https://doi.org/10.1016/j.cub.2022.12.004 PMID: 36584677

6. GrecoV, Foldes TA, Abdellahi MEA, Wawrzuta M, Harrison NA, Murphy K, et al. Disarming emotional memories using targeted memory reactiva-
tion during rapid eye movement sleep. Imaging Neurosci (Camb). 2025;3:IMAG.a.924. https://doi.org/10.1162/IMAG.a.924 PMID: 41089190

7. Antony JW, Gobel EW, O’Hare JK, Reber PJ, Paller KA. Cued memory reactivation during sleep influences skill learning. Nat Neurosci.
2012;15(8):1114—6. https://doi.org/10.1038/nn.3152 PMID: 22751035

8. Chen Z, Zheng H, Zhou J, Zheng L, Lin P, Wang H. Interpreting sleep activity through neural contrastive learning. bioRxiv. 2025. Available from:
https://www.biorxiv.org/content/10.1101/2024.09.25.615100v3

9. Abdellahi MEA, Tsimpanouli T, Lewis PA. Your emotions, my brain: generalizable neural signatures of emotional memory reactivation during sleep.
bioRxiv. 15 Aug 2025. https://www.biorxiv.org/content/10.1101/2025.08.11.669349v1

10. Santamaria L, Kashif I, McGinley N, Lewis PA. Memory reactivation in slow wave sleep enhances relational learning in humans. Commun Biol.
2024;7(1):288. https://doi.org/10.1038/s42003-024-05947-7 PMID: 38459227

11.  Ngo H-VV, Staresina BP. Shaping overnight consolidation via slow-oscillation closed-loop targeted memory reactivation. Proc Natl Acad Sci U S A.
2022;119(44):€2123428119. https://doi.org/10.1073/pnas.2123428119 PMID: 36279449

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003633  February 23, 2026 4/5



https://doi.org/10.1016/j.tics.2025.07.010
http://www.ncbi.nlm.nih.gov/pubmed/40897598
https://doi.org/10.1016/j.cub.2024.07.019
http://www.ncbi.nlm.nih.gov/pubmed/39116885
https://doi.org/10.1016/j.cub.2022.09.032
http://www.ncbi.nlm.nih.gov/pubmed/36306786
https://doi.org/10.1073/pnas.2400678121
https://doi.org/10.1016/j.cub.2022.12.004
http://www.ncbi.nlm.nih.gov/pubmed/36584677
https://doi.org/10.1162/IMAG.a.924
http://www.ncbi.nlm.nih.gov/pubmed/41089190
https://doi.org/10.1038/nn.3152
http://www.ncbi.nlm.nih.gov/pubmed/22751035
https://www.biorxiv.org/content/10.1101/2024.09.25.615100v3
https://www.biorxiv.org/content/10.1101/2025.08.11.669349v1
https://doi.org/10.1038/s42003-024-05947-7
http://www.ncbi.nlm.nih.gov/pubmed/38459227
https://doi.org/10.1073/pnas.2123428119
http://www.ncbi.nlm.nih.gov/pubmed/36279449

PLO&&. Biology

12. Borghese F, Henckaerts P, Guy F, Perez Mayo C, Delplanque S, Schwartz S, et al. Targeted memory reactivation during REM sleep in patients with
social anxiety disorder. Front Psychiatry. 2022;13:904704. https://doi.org/10.3389/fpsyt.2022.904704 PMID: 35845468

13. Rakowska M, Lazari A, Cercignani M, Bagrowska P, Johansen-Berg H, Lewis PA. Distributed and gradual microstructure changes are associated
with the emergence of behavioural benefit from memory reactivation. Imaging Neurosci (Camb). 2025;3:IMAG.a.104. https://doi.org/10.1162/
IMAG.a.104 PMID: 40860580

14. Griffiths O, Langdon R, Le Pelley ME, Coltheart M. Delusions and prediction error: re-examining the behavioural evidence for disrupted error sig-
nalling in delusion formation. Cogn Neuropsychiatry. 2014;19(5):439—67. https://doi.org/10.1080/13546805.2014.897601 PMID: 24702287

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003633  February 23, 2026 5/5



https://doi.org/10.3389/fpsyt.2022.904704
http://www.ncbi.nlm.nih.gov/pubmed/35845468
https://doi.org/10.1162/IMAG.a.104
https://doi.org/10.1162/IMAG.a.104
http://www.ncbi.nlm.nih.gov/pubmed/40860580
https://doi.org/10.1080/13546805.2014.897601
http://www.ncbi.nlm.nih.gov/pubmed/24702287

